Central angiotensin II (AngII) stimulates water and salt solution intake. Pretreatment with low-dose mineralocorticoid (DOCA) enhances this AngII-induced intake of salt solutions (the synergy theory) in Wistar and Sprague Dawley rats but not in Fischer rats. This response is mediated via the AT-1 receptor. Electrophysiological experiments using iontophoretic application of AngII and the AT-1 receptor-specific non-peptide antagonist losartan showed excitation of neurons in the preoptic/medial septum region of urethane-anesthetized male Wistar rats. DOCA pretreatment further enhances this neuronal excitation in response to AngII and reduces the responses to losartan. This generated the hypothesis that DOCA-enhanced AngIIinduced neuronal excitation is the neural support for the synergy theory. AT-2 receptors modulate these intake responses depending on sodium in the diet, and diuretic-induced dehydration during pregnancy produces a higher salt intake in the offspring. AngII-induced salt and water intakes were tested in offspring from Sprague Dawley mothers with only 1.8% NaCl to drink in which half were treated with furosemide. The important observations were a) the AT-1 antagonist alone suppressed intakes in offspring from mothers not treated with furosemide, b) both AT-1 and AT-2 antagonists suppressed intakes in offspring from furosemide-treated mothers, and c) combined administration of AT-1 and AT-2 antagonists greatly suppressed water intake in offspring from mothers not treated with furosemide. These results suggest that AT-1 and AT-2 receptors have variable properties (receptor number and/or second messengers). Furthermore, the activity and function of these central AngII receptors depend on the background mineralocorticoid levels. The exact mechanism of this influence, however, remains to be determined.
Behavior is a very good example of a motivated state and drinking behavior is perhaps one of the best examples. Not only is this particular behavior motivated by internal physiological signals but it can be initiated using components of these physiological signals. Drinking is just one aspect of body fluid regulation, an integrated physiological regulatory system that implicates nearly all the main organ networks of the body for a vital function, i.e., survival. It has even been postulated that without this inte-S.N. Thornton et al. www.bjournal.com.br grated approach which includes the brain and a memory function, perhaps related to the physiological response to a disturbance in the body hydration state, the initial development of terrestrial life may not have occurred (1) .
Ever since the first unicellular organisms formed on earth regulation of cellular water content, i.e., cellular volume, has been a never-ending problem. Water molecules move down along a concentration gradient until an equilibrium is reached or movement is prevented. Organisms living in an aqueous environment have to fight against either too much liquid coming in or loss of liquid to the outside depending on the osmolality of the surrounding fluids. Organisms, both plant and animal, living in fresh or sea water have developed mechanisms to combat these imposed movements of water across the various membranes in contact with the outside environment.
Land animals, and plants for that matter, have another problem, i.e., getting enough water in and keeping it there. As far as animals are concerned, water comes into the body from drinking and from the metabolism of ingested food, and then the renal system, and to some extent the respiratory system, are responsible for keeping it there. Once the water is in, the internal distribution must be assured by yet another system, i.e., the cardiovascular one, with all its inherent control mechanisms. However, many other regulatory physiological systems depend also on the water ingested and all need separate control mechanisms. The interplay between all of these mechanisms gives a fascinating picture of physiological control.
In his early work on rats James Fitzsimons (2) described two major thirst states, primary and secondary, the former being a state of physiological need and thus regulatory in nature, and the latter being not principally regulatory in nature.
Primary thirst was subsequently further divided into thirst of intracellular origin and thirst of extracellular origin. Under ideal conditions where all physiological systems function correctly, the osmolality of all fluid compartments is the same and water is distributed proportionally (two thirds intracellular and one third extracellular). Another element that plays a key role in the regulation of body fluids is the sodium ion. Sodium is the principal cation of the extracellular fluids (potassium being that of the intracellular compartment) and thus plays an essential role in the regulation of body fluid osmolality, i.e., the gradient that regulates the movement of water.
As far as extracellular thirst is concerned, in an ideal state, fluid would be lost initially from the vasculature leading to a decrease in blood volume. As the volume loss increases fluid would also move out of the interstitial compartment into the vasculature. The overall regulation of blood volume and blood pressure is complex. In the case of thirst and fluid regulation it could be simplified initially to the control of blood volume. There are detectors in the great veins for a decrease in volume that signal to the brain to search for water and to increase the release of antidiuretic hormone. These receptors also cause an increase in sodium appetite and reflex release of renin through sympathetic activation. Furthermore, in the kidney other volume/pressure detectors sense the decrease in perfusion pressure of the kidney and cause further release of renin. This enzyme acts on circulating angiotensinogen, an α 2 -globulin released from the liver, forming the decapeptide angiotensin I. Angiotensin-converting enzyme in the lung converts this to the octapeptide angiotensin II (AngII) that has several actions. It is vasoconstrictive (via a direct and indirect action on the vascular wall) thus reducing the diameter of the vasculature to fit the lower blood volume and to facilitate blood flow, it stimulates the thirst centers in the brain to search out and ingest water, and it stimulates the release of the mineralocorticoid hormone aldosterone from the adrenals.
Aldosterone is the hormone of sodium regulation and has two principal actions, one to increase sodium absorption in the kidney via an action on the distal tubule and the other to sensitize certain specific areas of the brain (especially the hypothalamus) to the circulating levels of AngII, the combined effect of which is to stimulate sodium appetite (2,3).
The ingestion of water and sodium together restores the lost blood volume to the initial values (2) . As blood volume increases, the signals to stimulate thirst, antidiuretic hormone release and the release of renin are thus decreased. The action of aldosterone, on the other hand, appears to continue for some time, even after its levels in the blood have decreased to normal values, as is the case for most steroid hormones, since they activate many intracellular pathways including protein synthesis.
The homeostatic regulation of hydromineral balance is thus designed to cope perfectly well with variations in water intake through regulation of blood vessel caliber, regulation of water and sodium excretion through the kidneys and regulation of the behavioral act, i.e., thirst and sodium appetite.
One of the key components of this physiologically regulated system is AngII which, when administered into the brain either directly into various brain structures or into the cerebro-ventricular system, stimulates the intake of water and of concentrated NaCl solution. This action is mediated via angiotensin type 1 receptors (AT-1) (3,4) present throughout the hypothalamus and specifically in the circumventricular organs around the 3rd cerebral ventricle, structures implicated in the brain sensing of the body's hydrational state.
Electrophysiological studies of neurons with these receptors have shown a multitude of responses. In patch clamp studies with bath application AngII increases the spontaneous activity of these neurons (5). Iontophoretic application directly onto neurons has shown both an increase and a decrease in activity (6) (7) (8) , as well as an increase in field potentials (9) .
Treatment with aldosterone had been shown to increase the number of binding sites for AngII centrally (10-12) and a short treatment (3 to 4 days) with a low dose of the synthetic mineralocorticoid (DOCA) enhances AngII-induced drinking of hypertonic salt solutions (13) . These results came to form the basis of the synergy theory developed by Epstein and his colleagues (14) , whereby it was the uniquely central interaction of these two hormones that led to the enhancement of the appetite for sodium. This was found to be the case in Wistar and Sprague Dawley rats but not in Fischer (15) or Zucker obese rats (Omouessi ST, personal communication), suggesting that perhaps the mechanism was not applicable to all rats. The use of receptor-specific antagonists showed that this response was mediated via the AT-1 receptor (16) .
Electrophysiological experiments using iontophoretic application of AngII and the AT-1 receptor-specific non-peptide antagonist losartan, showed that both substances increased excitation of neurons in the preoptic/medial septum region of urethane-anesthetized male Wistar rats (8) . The increase in activity in response to losartan was interpreted as the inhibition of an AngII-induced inhibition (7), yielding excitation (8) . DOCA pretreatment further enhanced this neuronal excitation in response to AngII but reduced the responses to losartan (17) . This generated the hypothesis that DOCA-enhanced AngII-induced neuronal excitation was the neural support for the synergy theory's-enhanced salt intake. Furthermore, it has been taken as evidence that there is possibly more than just one type, or functional state, of the AT-1 receptor (17) since the response to locally applied losartan went from frequent short-and long-term neuronal excitation be-S.N. Thornton et al. www.bjournal.com.br fore DOCA to infrequent short-term excitation only, and in rare cases inhibition, afterwards (8) . As if the mineralocorticoid treatment had modified the type of AngII receptor responding, or its functional state (18, 19) .
Liénard et al. (20) took this one step further by using behavioral experiments with losartan and DOCA. They argued that iontophoretic application would have put very small quantities of losartan around the neurons, similar to what occurs with AngII, and that therefore very low doses of this particular antagonist should be used. The results showed that in animals already tested with central injections of 10 pmol AngII, which generated a significant intake of water and a small intake of 2% salt solution, losartan at the same Mol for Mol dose generated an appetite for sodium over the 2 days following administration. Once again suggesting that inhibition of a local inhibition could generate an intake. Furthermore, treatment of these rats with DOCA given peripherally after the central administration of losartan produced an appetite for the concentrated salt solution, something which did not happen if DOCA was given before losartan. This was interpreted to indicate that the normal action of the mineralocorticoid was to modify the central functioning of AngII receptors such that those responsible for the inhibition were no longer functioning. This would be in agreement with the findings of a reduced action of losartan in DOCA-treated rats (17) , again suggesting that there is a tonic inhibitory signal against a salt appetite but when this is removed, either with DOCA pretreatment or with central losartan, then AngII can stimulate an increased intake of sodium.
This was tested further in Fischer rats known to have a reduced appetite for sodium and who respond minimally to challenges that would normally increase sodium appetite. Using the electrophysiological approach with iontophoretic application we observed that neurons in the forebrain of these rats were much less responsive to locally applied AngII than in Wistar rats (21) . Furthermore, local application of losartan produced inhibition only and never excitation, as has been observed in Wistar rats (8, 17) . These results suggested once again that it could be the state of activity, or excitability to local AngII that is the neuronal basis of sodium appetite. The Fischer rats with a very much reduced excitability had a reduced appetite. However, in the same experiments reported by Falconetti et al. (21) , the authors observed that central injection of AngII into conscious behaving animals produced equivalent intakes of concentrated sodium solution in Fischer and Wistar rats. This would suggest that motivated behavior is not so simple to analyze and that, although the forebrain may be the center of body fluid intake regulation, the neuronal substrate of this regulation is slightly more complex than analysis of the activity of just one area (relatively large as it might appear; see Ref. 22 , page 171).
In a subsequent study on Fischer rats, again looking at behavior of both the intact, non-anesthetized animal and neurons in the forebrain of anesthetized animals, it was observed that DOCA pretreatment could increase the responsiveness of forebrain neurons to AngII, as reported previously in Wistar rats, but that the salt drinking responses to centrally applied AngII were not enhanced (23) . Thus, the two phenomena can be separated and perhaps enhancement can be observed depending on the degree of increased excitability, or degree of decreased inhibition, of the forebrain neurons. Experiments using increasing doses of DOCA pretreatment of Fischer rat remain to be carried out.
Two major subtypes of the AngII receptors have been identified, AngII type-1 (AT-1) and AngII type-2 (AT-2), with the development of specific non-peptide antagonists (24) (25) (26) (27) . These receptors have been shown to have different distributions and functions within the central nervous system (28) (29) (30) .
Mineralocorticoid modulation of angiotensin activity www.bjournal.com.br Although, as mentioned previously, all major functions attributed to central administration of AngII have been shown to be mediated through the AT-1 receptor, the possible role of the AT-2 receptor as a mediator of AT-1 function has been suggested by several experiments. In adrenalectomized rats, having no plasma aldosterone, central losartan injection decreased sodium intake in a dose-response manner (31) . The AT-2 specific antagonist PD 123319 was not effective by itself, but when combined with losartan, both at a low dose, there was synergy of action and a more pronounced antagonism of the appetite than simple addition of the effect of the individual doses (31) . This was one of the first suggestions that the two receptor subtypes could have an interaction in the central nervous system. Subsequent research has even gone so far as to indicate that the AT-2 receptor could be an antagonist of the AT-1 receptor (32) .
The distribution and function of AngII receptors in the brain has been shown to be influenced by plasma aldosterone levels (10, 11, 17) , as well as by the sodium content of the diet (33, 34) . The latter finding suggests that sodium in the food would have an influence on plasma aldosterone levels which could thus influence central AngII receptor function.
Furthermore, an extracellular dehydration event during pregnancy in both rats and humans predisposes the offspring to a higher preference for sodium in later life (35, 36) . This effect is dependent on the dehydrationinduced maternal aldosterone crossing the placental barrier and altering the sensitivity of the fetal brain angiotensin receptors (37) . Although it has been hypothesized that the sensitivity of brain AngII receptors of these offspring is altered by the dehydration event in the mother, few studies have been undertaken to investigate animals thus produced.
In recent as yet unpublished study, it has been shown that in male offspring from pregnant Sprague Dawley rats given only 1.8% NaCl solution to drink (in order to reduce blood aldosterone levels), with half of the pregnant dams receiving extracellular dehydration by injection of furosemide twice towards the end of pregnancy, AngII-induced intakes of water and a concentrated salt solution were modulated by prior injection of AT-1 and/or AT-2 receptor-specific antagonists; a) AT-1 but not AT-2 receptor blockade alone suppressed water and 1.8% NaCl intake in male offspring from mothers not treated with furosemide; b) both AT-1 and AT-2 receptor antagonists suppressed water and 1.8% NaCl intake in offspring from furosemide-treated mothers, and c) combined administration of AT-1 and AT-2 receptor antagonists greatly suppressed water (and to a lesser extent salt) intake only in offspring from mothers not treated with furosemide (Falconetti C, Omouessi ST and Thornton SN, unpublished results).
It would thus appear that the absence of mineralocorticoids during pregnancy permitted an interaction of both AT-1 and AT-2 receptors, perhaps in the form of a heterodimer, suggesting that, under these particular conditions, AT-2 could well be a modulator of AT-1 activity. Furthermore, the transient increase in mineralocorticoids during pregnancy appeared to be sufficient to modulate the function of the two receptors so that they now were observed to play an equal role in the response to centrally administered AngII. Again it could be suggested that a dimer structure is possible but this time antagonism of one of the pair inhibits also the other.
At least two studies have indicated that the G protein activated or the second messengers used can vary depending on the AT-1 receptor activated (38, 39) or more precisely the type of neuron stimulated, so that the possibilities of modulation become very complex. It would thus appear that mineralocorticoids are able to modulate not only receptor expression but also receptor function. Suffice it to say that the interaction of S.N. Thornton et al. www.bjournal.com.br the brain angiotensin receptor system with the mineralocorticoids is complex and will lead to some interesting discoveries in the future.
In conclusion, the regulation of body fluids is an integrated organization of various systems to bring water and sodium in, to keep the substances there and to distribute them throughout all fluid compartments of the body. These systems are known and have been studied intensely over the past 30 years or so. The hormones implicated in this vital regulatory function are also known but their complexity of interaction is beginning to shed light on as yet unstudied physiological mechanisms that are also part of this regulation. This review has dealt with what happens in the central nervous system but there is also an interaction of mineralocorticoids with the peripheral renin angiotensin system that may be just as complex, if not more so, and probably responsible for the cardiovascular dysfunction seen in many hypertensive disease states. The presence therein of elevated levels of these two particular hormones, AngII and aldosterone, may very well be the consequence of the normal physiological response to long-term mild hypovolemia.
